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a b s t r a c t
The green ﬂuorescent protein (GFP) is the most commonly used reporter protein for monitoring gene
expression and protein localization in a variety of living and ﬁxed cells, including not only prokaryotes,
but also eukaryotes, e.g., yeasts, mammals, plants and ﬁsh. In general, it is thought that GFP is nontoxic
to cells, although there are some reports on the side effect of GFP. Further, details of the molecular
mechanism concerning the side effect of GFP remain unclear. Here we show that Ku80, but not XRCC4,
plays an important role in the mechanism of the resistance to cytotoxicity induced by enhanced GFP
(EGFP). EGFP inhibited both cell proliferation and colony formation, and induced cell death in Ku80-
deﬁcient hamster cells, i.e., xrs-6 cells. In addition, Ku80 attenuated EGFP-induced cytotoxicity in the
xrs-6 cells.NoEGFP-inducedcytotoxicitywasobserved in theNHEJ coreproteinXRCC4-deﬁcienthamster
cells, i.e., XR-1 cells. Furthermore, EGFPmarkedly enhancedX-ray-induced cytotoxicity in the xrs-6 cells.
These results suggest that Ku80 plays a key role in the novel NHEJ-independent defense mechanism
against EGFP-induced cytotoxicity. Caution should be taken in considering of the potential inﬂuence by
the stress responsemechanism, namely, the Ku80-dependent eliminationmechanism of EGFP-induced
cytotoxicity, being activated, evenwhen using EGFP-expressing cells in which Ku80 functions normally.
C© 2012 The Authors. Published by Elsevier B.V. on behalf of Federation of European Biochemical
Societies.Open access under CC BY-NC-ND license.1. Introduction
The green ﬂuorescent protein (GFP) from jellyﬁsh Aequorea victo-
ria is the most commonly used reporter protein for monitoring gene
expression, protein localization, and protein–protein interactions in
a variety of living and ﬁxed cells, including not only prokaryotes, e.g.,
bacteria, but also eukaryotes, e.g., yeasts, plants, ﬂies, ﬁsh and mam-
mals including humans [1]. GFP was discovered by Shimomura et
al. [2]. Since them, crucial breakthroughs have been made with the
cloning of the GFP gene by Prasher et al. and the demonstrations by
Chalﬁe et al. and Inouye and Tsuji that the expression of the GFP gene
in other organisms creates ﬂuorescence [1,3–5]. After the now com-
monly used enhancedGFP (EGFP) and its variants have been reported,
the GFP technology has revolutionized developments in biology, andAbbreviations: DNA-PKcs, DNA-dependent protein kinase catalytic subunit; DSBs,
DNA double-strand breaks; ECFP, enhanced cyan ﬂuorescent protein; EGFP, enhanced
green ﬂuorescent protein; EYFP, enhanced yellow ﬂuorescent protein; GFP, green ﬂu-
orescent protein; NHEJ, nonhomologous end-joining
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2211-5463 c© 2012 The Authors. Published by Elsevier B.V. on behalf of Federation of Euro
http://dx.doi.org/10.1016/j.fob.2012.12.001the recent explosion in the diversity of available ﬂuorescent proteins
promises a wide variety of new tools for biological imaging [6–9].
In general, GFP is considered nontoxic to cells in vitro and in vivo.
In fact, EGFP expression is nontoxic in EGFP transgenic mice [10].
On the basis of this, GFP transgenic animals and their cells are also
widely used in various ﬁelds of life sciences including basic biology
and biomedical research. However, there are some reports on the
side effect of GFP in in vitro and in vivo studies, although details
of the molecular mechanism of such an effect remain unclear [11–
15]. It is clear that GFP can induce apoptosis but how it triggers it
remains unclear [11]. A report on GFP-induced cell death indicates
that exciting GFP intensity for extended periods may generate free
radicals that are genotoxic to cells. Recently, it has been reported
that, in rat adult hepatic stem cells, no stable cell lines expressing
EGFP have been established because these cells undergo cell death
[16].
Recent studies using GFP-technology laser microbeam irradiation
to induce DNA damage in the nucleus of living cells have shed light on
the order of recruitment of DNA repair-core or related factors to sites
of DNA damage as well as the kinetics of the repair process [17–21].
NonhomologousDNA-end-joining (NHEJ) repair,which is responsible
for repairing a major fraction of DNA double-strand breaks (DSBs) in
somatic cells of multicellular eukaryotes, is considered to begin with
the binding of Ku, i.e., a heterodimer of Ku70 and Ku80 [17,22,23].pean Biochemical Societies. Open access under CC BY-NC-ND license.
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The NHEJ repair requires Ku70, Ku80, a DNA-dependent protein ki-
nase catalytic subunit (DNA-PKcs), XRCC4, DNA ligase IV, Artemis,
and XLF (also called Cernunnos) [17]. The mechanisms underlying
the control of the subcellular localization of XRCC4 are dependent
on Ku70 and Ku80 and might play a key role in the regulation of the
physiological function of XRCC4 in both hamster andmouse lung cells
[18,20]. The deletion or inactivation of any of these NHEJ core factors
inducesmarked sensitivity to IR and anticancer drugs, e.g., bleomycin,
aswell as genomic instability and defects in V(D)J recombination [17].
However, it remains unclear whether GFP is toxic to cells, which is a
result of the deletion or inactivation of any of these NHEJ core factors.
In this study, we examined whether EGFP is toxic to cells, which
is a result of the deﬁciency in the NHEJ core factor Ku80.
2. Materials and methods
2.1. Cell lines, cultures, reagents and transfections
A Chinese hamster ovary cell line CHO-K1 (Riken Cell Bank), Ku80-
deﬁcient CHO-K1 mutant cell line (xrs-6), and XRCC4-deﬁcient CHO-
K1 mutant cell line (XR-1) were cultured as described in previous
studies [24–26]. The xrs-6 cell line stably expressing EGFP-Ku80 or
EGFP alone was described previously [27]. The XR-1 cell line stably
expressing EGFP-XRCC4 or EGFP alonewas described previously [24].
The transient transfections of pEGFP-Ku80, pEYFP (enhanced yellow
ﬂuorescent protein), or pEGFP was performed in cells using FuGene6
(Roche Diagnostics K.K., Indianapolis, IN), as described previously,
and the cells were cultured for 2 days and then monitored under an
FV300 confocal laser scanning microscope (Olympus, Tokyo, Japan),
as previously described [20,21]. DNA of the ﬁxed cells was stained
with DAPI ﬂuorescent dye.
2.2. Transient transfection assay of effect of EGFP on cell proliferation
The cell proliferation assay was performed according to the
method of Mo and Dynan, as described previously [28]. In short, the
cells were grown on a 35-mm dish the night before transfection.
EGFP-Ku80, EGFP or EYFP vectors were introduced using FuGene6, as
described above. The next day, the cells were replated on a glass slide.
After 1 day, an index was used to determine whether the cells that
show ﬂuorescence underwent cell division. Fifty ﬂuorescent clusters
were counted in each experiment, and the procedure was repeated
three times.
2.3. X-irradiation
Cells were exposed to X-rays at room temperature, as described
previously [21,24]. X-rays were generated at 200 kVp/20 mA and
ﬁltered through 0.5-mm Cu and Al ﬁlters, as described previously
[21,24].
2.4. Colony formation assay
Colony formation assay was performed as described previously
[24].
2.5. Western blot analysis
Western blot analysis was performed as described previously
[20,21,29]. The following antibodies were used: a rabbit anti-GFP
polyclonal antibody (FL) (Santa Cruz Biotechnology, Santa Cruz, CA),
a goat anti-Ku70 polyclonal antibody (C-19) (Santa Cruz Biotech-
nology), a goat anti-Ku80 polyclonal antibody (M-20) (Santa Cruz
Biotechnology), a rabbit anti-H2AX polyclonal antibody (ab11175)
(abcom, Cambridge, UK), a mouse anti-γ-H2AXmonoclonal antibody
(JBW301) (Upstate Biotechnology Inc., Charlottesville, VA), a rabbit
anti-cleaved caspase-7 (Asp198) polyclonal antibody (9491) (Cell Sig-
naling Technology Inc., Danvers, MA), or a mouse anti-β-actin mon-
oclonal antibody (Sigma, St. Louis, MO, USA). The binding to corre-
sponding proteins was visualized using an AdvanceWestern blotting
detection system (GE Healthcare Bio-Sci. Corp.), in accordance with
the manufacturer’s instructions.
3. Results
3.1. Role of Ku80 in EGFP-induced cytotoxicity
To examinewhether EGFP and its variant protein EYFP are toxic to
xrs-6 cells (derived from CHO-K1 cell line), which are deﬁcient in the
NHEJ core factor, Ku80, we transfected expression plasmids into xrs-
6 cells. We found that the transfection with EGFP expression vector
(pEGFP) yielded expressed cells less efﬁciently than the transfection
with the analogous EYFP expression vector (pEYFP) (P < 0.05) (Fig.
1(A)). About 1.13% of the cells are EGFP positive, whereas about 5.13%
of cells were EYFP positive. Some of the EGFP-expressing cells exhib-
ited the apoptosis-like features, namely, nuclear condensation, round
shape, and being detached, suggesting that EGFP is toxic to xrs-6 cells
(Fig. 1(A), arrows). Expectedly, EYFP or EGFP was localized through-
out the xrs-6 and CHO-K1 cells (Fig. 1(A) and (C)). Next, we examined
the EGFP or EYFP expression levels in the transiently transfected xrs-6
or CHO-K1 cells by Western blot analysis. Consistent with previous
reports [22,25,26], Ku80 was expressed in the CHO-K1 cells, but not
in the xrs-6 cells (Fig. 1(B)). In addition, the Ku70 expression level
was markedly reduced in the xrs-6 cells. Expectedly, β-actin was ex-
pressed in both cell lines. The expression level of EYFP was higher
than that of EGFP in both cells, suggesting that there are more posi-
tive cells in the case of pEYFP transfection than in the case of pEGFP
transfection (Fig. 1(B)). In addition, the expression levels of the two
ﬂuorescent proteins were higher in the CHO-K1 cells than in the xrs-
6 cells, suggesting that EGFP and its variant protein EYFP are toxic
to xrs-6 cells than to CHO-K1 cells. To conﬁrm this and determine
whether Ku80 protects xrs-6 cells against such cytotoxicity, pEGFP
or pEGFP-Ku80 was individually transfected into the cells. After two
days, more than 20% of the CHO-K1 cells with pEGFP or pEGFP-Ku80
and of the xrs-6 cells with pEGFP-Ku80 divided, whereas only less
than 10% of the xrs-6 cells with pEGFP did (Fig. 1(D)). As shown in
Fig. 1(E), there were many EGFP-expressing xrs-6 cells that exhibited
the apoptosis-like features comparedwith theEGFP-Ku80-expressing
xrs-6 cells. To examine whether EGFP triggered cell death is through
apoptosis in xrs-6 cells, we investigated the expression of cleaved
caspase-7. Western blotting analyses showed that the cleaved form
of caspase-7 was expressed in the xrs-6 cells after transfection with
pEGFP (Supplementary Fig. 1). Together, these results suggest that
Ku80 inhibits EGFP-induced cell death in xrs-6 cells.
3.2. Role of NHEJ repair in EGFP-induced cytotoxicity
Next, we examined other side effects of EGFP in stable EGFP-
expressing cells. First, the colony formation abilities of the CHO-K1
and xrs-6 cells were analyzed by colony formation assay. The colony
formation ability of the CHO-K1 cells was slightly higher than that
of the xrs-6 cells (data not shown). Previously, we established sta-
ble cell lines expressing functional EGFP-Ku80 or EGFP [27]. To con-
ﬁrm the expression of EGFP or EGFP-Ku80 by Western blot analysis,
whole-cell extracts prepared from the CHO-K1 cells, xrs-6 cells, and
xrs-6 transformants containing pEGFP (EGFP/xrs-6) or pEGFP-Ku80
(EGFP-Ku80/xrs-6) were used. In the extract of the EGFP-Ku80/xrs-6
cells stably transformed with pEGFP-Ku80, an EGFP-Ku80 signal was
detected by Western blot analysis with an anti-Ku80 and anti-GFP
polyclonal antibody. We also detected Ku70 in the extract prepared
from the EGFP-Ku80/xrs-6 cells, but not from the EGFP/xrs-6 cells
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Fig. 1. EGFP inhibits cell proliferation and induces cell death in DNA repair protein
Ku80-deﬁcient hamster cells, xrs-6. (A) Xrs-6 cells were transfectedwith pEGFP (upper
panel) or pEYFP (lower panel). Two days following transfection, the cells were ﬁxed
and stained with DAPI. Three representative ﬁelds (more than 300 cells, each) were
scored for each transfection and data represent the mean ± standard deviations. A
signiﬁcant difference is represented by * (P < 0.05, t test). Arrows indicate the cells
showing an abnormal morphology. White panel: an enlarged image of the typical cell.
(B) Comparison of EGFP or EYFP expression levels in xrs-6 and CHO-K1 cells 2 days
after transfection. Total cell lysates from each cell line following transfection were
analyzed by Western blot analysis using an anti-Ku70, anti-Ku80, anti-GFP or anti-β-
actin antibody. Both EGFP andEYFPweredetectedby the anti-GFP antibodyused. Short,
short exposure; long, long exposure. (C) Imaging of living EYFP- (a, a’, c, c’) or EGFP-
transfected (b, b’, d, d’, e, e’, f, f’) xrs-6 (c–f, c’–f’) or CHO-K1 (a, a’, b, b’) cells. Typical
images of cells that underwent division (a–d’), nondividing cells with normal nucleus
(e, e’) or nondividing cells with a condensed nucleus (f, f’) are shown. (D) The graph
shows the percentage of EGFP-positive divided xrs-6 cells 2 days after transfectionwith
pEGFP or pEGFP-Ku80. (E) The graph shows the percentage of cells with apoptosis-like
morphology in the non-divided xrs-6 cells 2 days after transfection with pEGFP or
pEGFP-Ku80. Error bars represent SD.
(Fig. 2(A)), and conﬁrmed that in the stable transformants, exoge-
nous Ku80 tagged with EGFP, as well as endogenous native Ku80,
also stabilizes Ku70. Using those cell lines, we determined by colony
formation assay whether a stable EGFP expression affects the colony
formation ability of the xrs-6 cells. As shown in Fig. 2(B) and (C), the
EGFP-Ku80/xrs-6 cells had the highest density, and the largest colony
among the three cell lines. Interestingly, the EGFP/xrs-6 cells was had
a lower density and a smaller colony than the xrs-6 cells. These results
suggest that a stable expression of EGFP affects the colony formation
ability of xrs-6 cells. NHEJ repair is responsible for repairing a major
fraction of DSBs and requires the NHEJ core factor Ku80. Meanwhile,
cells that sustain DSBs can undergo cell death and cell growth ar-
rest. To evaluate whether EGFP expression induces the accumulation
of spontaneous DSBs, we performed Western blot analysis with the
antibody to γ-H2AX, which is a golden standard marker of DSBs. Ex-
pectedly, as shown in Fig. 2(D), a low expression level of γ-H2AX in
the EGFP-Ku80/xrs-6 cells was observed in contrast to those in the
EGFP/xrs-6 cells and xrs-6 cells. Surprisingly, the stable EGFP expres-
sion did not increase the expression level of γ-H2AX in the EGFP/
xrs-6 cells, and the expression levels were comparable to those in
the xrs-6 cells. Expectedly, β-actin and H2AX were expressed in all
three cell lines. Next, we tested whether a stable EGFP expression
affects the colony formation ability of XR-1 cells, which are derived
from the Chinese hamster ovary and are deﬁcient in the NHEJ core
factor XRCC4. As shown in Fig. 3, the colony formation rate of the
XR-1 cells was comparable to those of the EGFP-XRCC4/XR-1 cells
and two EGFP/XR-1 cells. Taken together, these results suggest that
XRCC4-deﬁcient cells are insensitive to EGFP-induced cytotoxicty.
Fig. 2. Characterization of cytotoxicity in stable EGFP-Ku80 and EGFP transformants.
(A) Cells stably expressing the constructs denoted on the top, xrs-6, and CHO-K1 were
lysed and analyzed by Western blotting using an anti-GFP, anti-Ku70, anti-Ku80, or
anti-β-actin antibody. *, nonspeciﬁc band. (B) Representive images of dishes used in
colony formation assay. (C) The graph shows the percentage of colonies formed in
the xrs-6, two EGFP-Ku80/xrs-6 and two EGFP/xrs-6 cells. Error bars represent SD.
(D) No excessive accumulation of γ-H2AX in EGFP/xrs6 cells. Total cell lysates from
each cell line were analyzed by Western blotting using an anti-γ-H2AX, anti-H2AX, or
anti-β-actin antibody.
Fig. 3. Nondetection of EGFP cytotoxicity in XRCC4-deﬁcient cells, i.e., XR-1 cells. The
graph shows the percentage of colonies formed in the XR-1, two EGFP-XRCC4/XR-1
and two EGFP/XR-1 cells. Error bars represent SD.
3.3. EGFP enhances X-ray-induced cytotoxicity in Ku80-deﬁcient cells
To determine whether EGFP expression affects the sensitivity of
xrs-6 cells to X-rays, we examined the radiosensitivity of EGFP/xrs-6
cells and xrs-6 cells by colony formation assay. As shown in Fig. 4,
the EGFP/xrs-6 cells were highly sensitive to X-irradiation compared
with the xrs-6 cells, suggesting that EGFP expression enhanced the
cytotoxicity of xrs-6 cells to X-rays.
4. Discussion
EGFP and its variants are effective reporter proteins for analyzing
protein behavior and provide good temporal and spatial resolutions
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Fig. 4. Enhancement of X-ray-induced cytotoxicity by EGFP in xrs-6 cells. The graph
shows the percentage of colonies formed in the xrs-6 and EGFP/xrs-6 cells after X-
irradiation (1 Gy or 2 Gy). Error bars represent SD.
in living cells. In this study, we examined whether EGFP is toxic to
cells deﬁcient in the NHEJ core factor Ku80. In general, it is consid-
ered that EGFP is nontoxic to cells in vitro and in vivo [10]. Surpris-
ingly, our results showed that EGFP inhibits both cell proliferation and
colony formation, and induces cell death in Ku80-deﬁcient hamster
cells, i.e., xrs-6 cells. In addition, our data showed that Ku80 attenu-
ates EGFP-induced cytotoxicity in xrs-6 cells. On the other hand, no
EGFP-induced cytotoxicity was observed in the XR-1 cells, which are
deﬁcient in the NHEJ core protein XRCC4.
There is a link between GFP expression and apoptosis induction in
several cell lines, i.e., NIH3T3 from mouse ﬁbroblasts, BHK-21 from a
baby hamster kidney, and HepG2 and Huh-7 from human hepatoma
cancer [11], although its molecular mechanism remains unclear. In
this study, we found that some EGFP expressing cells derived from
the hamster ovary undergo cell death. Although not well known, gen-
erally, GFP or its variants have other side effects in vitro. Zhang et al.
reported that GFP selectively induces the HSP70-mediated upregu-
lation of the COX-2 expression in endothelial cells, but not in other
cell types such as cancer cell lines [30]. In addition, Baens et al. re-
ported that EGFP and EGFP fusion proteins inhibit polyubiquitination,
a posttranslational modiﬁcation that controls a wide variety of cellu-
lar processes, like the activation of kinase signaling or protein degra-
dation by the proteasome [15]. On the other hand, it had reported
that EGFP expression is nontoxic in EGFP-transgenic mice [10], sup-
porting the idea that EGFP is nontoxic to cells in vivo. However, the
transgenic expression of GFP could cause dilated cardiomyopathy in
transgenic mice [12]. Furthermore, Agbulut et al. showed that EGFP
expression impairs actin–myosin interactions by binding to the actin
binding site of myosin, thereby causing excitation–contraction un-
coupling and an impaired contractile function of muscle cells [13,14].
Taken together, previous ﬁndings and ours suggest that the expres-
sion of GFP or its variant affects cell fate andmolecular processes such
as post-translational modiﬁcation and protein–protein interaction in
a cell or tissue-type-dependent manner, although GFP or its variant
is conveniently used to visualize organelles, organs, cell populations,
protein localizations and subcellular processes in vitro and in vivo.
It was reported that colonies of transiently EGFP-expressing cells
can not be propagated as stable cell strains, whereas both transiently
EYFP- and enhanced cyan ﬂuorescent protein (ECFP)-expressing cell
colonies have 100% cloning efﬁciencies in rat hepatic adult stem cell
studies in vitro [16]. In this study, we observed that the cytotoxicity of
EYFPwas lower than that of EGFP in not only the Ku80-wild-type cells
(CHO-K1), but also the Ku80-deﬁcient cells (xrs-6). These ﬁndings
strongly suggest that the selection of the ﬂuorescence protein to be
used is important to prevent the effect of cell-type-speciﬁc side effect
of some ﬂuorescence proteins, e.g., EGFP.
The NHEJ repair pathway, which is responsible for repairing ama-
jor fraction of DSBs, requires Ku80 and XRCC4 [17]. In this study, our
results showed that Ku80, but not XRCC4, inhibits EGFP-induced cell
death in hamster ovary cells. Meanwhile, the stable EGFP expression
did not cause DSB accumulation, although DSBs can induce cell death
and cell growth arrest. These results strongly suggest that the EGFP-
induced cell deathpathway is protectedby thenovelKu80-dependent
and XRCC4-independent defense mechanism in hamster ovary cells.
On the basis of these ﬁndings, we consider that EGFP-expressing cells
are always exposed to stress, which arises with EGFP expression; in
such cells, the unknown mechanism that eliminates EGFP-induced
cytotoxicity is always functioning. In addition, our results indicate
that EGFP expression markedly enhances X-ray-induced cytotoxic-
ity in xrs-6 cells. Therefore, caution should be taken in considering
the potential effect of the stress response mechanism, namely Ku80-
dependent eliminationmechanism of EGFP-induced cytotoxicity, be-
ing activated,whenusing cells inwhichKu80 functions normallywith
or without exogenous stress.
In conclusion, our data demonstrated that Ku80, but not XRCC4,
plays an important role in the mechanism of the resistance to EGFP-
induced cytotoxicity. These ﬁndings and further study of the molec-
ular mechanism underlying EGFP-induced cytotoxicity in Ku80-
deﬁcient cells will be useful for the study not only of novel Ku80
functions and themolecular mechanism of cellular response to EGFP-
induced stress, but also of the development of next-generation ﬂuo-
rescence proteins.
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